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W. K. Denson-Low
[57] ABSTRACT

Two optical fiber segments are spliced 1n an end-to-end
fashion by first axially aligning the optical fiber seg-
ments, and then fusing the optical fiber segments with a
converging conical light beam convergently focused to
an apex region along the optical fiber. The converging
conical beam heats the optical fiber segments and the
splice in a circumferentially uniform manner. The apex
region at which the converging conical beam is focused
can be moved progressively along the length of the
optical fiber to effect the fusion, and also to direction-
ally fire polish and stress relieve the optical fiber to
minimize the presence of flaws in the optical fiber after
fusion is complete. The converging conical light beam
is achieved by creating a diverging conical beam using
movable mirrors to deflect a collimated beam into a
diverging conical beam. The diverging conical beam 1s
reflected from a parabolic mirror to form the converg-
ing conical beam that is focused toward the optical
fiber. Longitudinal movement of the apex region along
the optical fiber is achieved by altering the amplitude of
the movement of the mirrors to change the apex angle
of the diverging conical light beam.

18 Claims, 2 Drawing Sheets
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OPTICAL FIBER CIRCUMFERENTIALY
SYMMETRIC FUSION SPLICING AND
PROGRESSIVE FIRE POLISHING

BACKGROUND OF THE INVENTION

This invention relates to optical fibers, and, more
particularly, to the fusion splicing and fire polishing of
optical fiber segments to achieve a strong joint.

Gilass fibers for optical information transmission are
strands of glass fiber processed so that light transmitted
through the fiber is subject to total internal reflection. A
large fraction of the incident intensity of light directed
into the glass fiber is received at the other end of the
fiber, even though the glass fiber may be hundreds or
thousands of meters long. The glass fibers are fabricated
by preparing a preform of glasses of two different opti-
cal indices of refraction, one inside the other, and pro-
cessing the preform to a fiber. The optical glass fiber 1s
coated with a polymer layer termed a buffer to protect
the glass from scratching or other damage, and the
resulting coated glass fiber is generally termed an “opti-
cal fiber” in the art. As an example of its dimensions, 1n
a typical configuration the diameter of the glass fiber 1s
about 125 micrometers, and the diameter of the glass
fiber plus the polymer buffer (the optical fiber) 1s about
250 micrometers (approximately 0.010 inches).

For some applications the optical fiber must be many
kilometers long, and must have a high degree of optical
perfection and strength over that entire length. Prepara-
tion of an optical fiber of that length having no defects
is difficuit. It is therefore common practice to prepare
shorter optical fiber segments of acceptable quality and
then splice the ends of the optical fiber segments to-
gether to achieve an optical fiber of the required length.

The splicing operation is therefore of critical impor-
tance to obtaining optical fibers of sufficient length for
these applications. Current splicing procedures typi-

cally involve aligning the ends of the optical fiber seg-
ments, and fusing them by heating in an electrical arc
discharge. Such techniques are generally successful in
producing an end-to-end splice of acceptable optical
quality. However, the longitudinal strength of the re-
sulting spliced optical fiber is much less than that of the
original unflawed optical fiber segments, with failure
typically occurring at or near the splice. For example,
when optical fiber segments having an axial breaking
load of about 15 pounds are spliced together by conven-
tional techniques, the resulting spliced optical fiber may
have an axial breaking load of only 1-4 pounds. Since
the loading to which the optical fiber may be subjected
during service is determined by the lowest breaking
stress along the length of the optical fiber, much of the
potential strength value of the optical fiber 1s lost due to
the presence of the weak splice.

There is an ongoing need for understanding the origin
of the premature failure in the region of the splice be-
tween two optical fiber segments, and for a splicing
technique that provides improved strength of the
spliced region and thence the optical fiber. The present
invention fulfills this need, and further provides related
advantages.

SUMMARY OF THE INVENTION

The present invention provides an apparatus and
procedure for splicing two optical fiber segments to-
gether in an end-to-end manner to form a spliced optical
fiber. The resulting optical fiber splice has acceptable
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optical quality and transmission of light therethrough.
The splice is also substantially stronger in tension than
comparable optical fiber splices made with conven-
tional techniques.

In accordance with the invention, apparatus for sphc-
ing together the ends of two optical fiber segments
comprises means for contacting together the ends of
two optical fiber segments in an end-to-end fashion and
aligning the optical fiber segments along a common
axis; means for fusing the optical fiber segments from an
external source at their end-to-end contact to form a
fused optical fiber, with substantially the same intensity
of heating at all locations around the circumference of
the optical fiber segments; and means for progressively
fire polishing the optical fiber longitudinally along the
optical fiber after fusing of the ends is complete, thereby
moving defects on the surface of the optical fiber away
from the fused ends.

The optical fiber segments are held in conventional
adjustable holders so that they can be axially aligned by
maximizing the light energy transmitted therethrough.
(As used herein in relation to splicing, “optical fiber
segments” are the two lengths of optical fiber that are
joined together to form a single “optical fiber.)

The optical fiber segments are heated to their fusion
temperature by a source that heats the end regions to be
spliced through the sides of the optical fiber segments.
The heating is uniform around the circumference of the
optical fiber segments. The preferred approach for per-
forming the heating is to provide a parabolic mirror
whose axis is coincident with that of the aligned optical
fiber segments. A diverging conical light beam whose
axis coincides with that of the optical fiber segments 1s
directed toward the mirror, which reflects the diverg-
ing conical light beam toward a focal region along the
optical fiber segment axis as a converging conical light
beam. This arrangement has the particular advantage
that the longitudinal location of the focal region of the
converging conical light beam may be moved by chang-
ing the maximum conical apex angle of the diverging
conical light beam.

The diverging conical light beam, with a controllable
maximum apex angle, is formed from a collimated lhight
beam by a pair of scanning mirrors whose axes of rota-
tion are perpendicular to each other. One of the mirrors
has its axis of rotation intersecting but perpendicular to
the axis of the optical fiber segments. Each of the scan-
ning mirrors has a drive motor that causes the scanning
mirror to rotate about its axis. The movement of the
mirrors is controlled by a scanning generator that
causes one of the scanning mirrors to rotate about its
axis in a periodic fashion, as in a sine wave movement,
and the other of the scanning mirrors to rotate about its
axis in a similar periodic fashion but 90 degrees out of
phase with the first scanning mirror. The amplitude of
the rotation is selectively controllable to determine the
maximum conical angle of the diverging conical light
beam that results. A laser preferably provides the colli-
mated light beam that is reflected to create the diverg-
ing conical light beam. The laser is clean, and does not
introduce extraneous matter into the spliced region as 1s
sometimes the case for plasma heating techniques.

To fuse the optical fiber segments and form the splice,
the power level of the laser is increased so that the
energy density in the focal region of the converging
light beam is sufficiently high to heat the ends of the
optical fiber segments to their fusion temperature. After
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fusion is complete, the energy density in the focal re-
gion i1s reduced by any acceptable approach. Such a
reduction can be achieved by reducing the power level
of the laser, by defocusing its collimated beam slightly,
by increasing the scanning amplitude, or by Increasing
the scanned distance to dissipate the heat input per unit
time over a greater linear distance of the optical fiber.
The reduced energy density of the focal region is insuf-
ficient .to fuse the optical fiber, but is sufficient to fire
polish and stress relieve the optical fiber. The position
of the focal region of the converging light beam is pro-
gressively moved longitudinally along the portion of
the optical fiber from one side of the splice, past the
splice, and toward the other side of the splice. This
progressive movement sweeps away volatilized surface
materials that are otherwise inadequately or improperly
fused into the fiber surface to become flaw sites. The
progressive movement of the focal region thereby both
fire polishes the surface of the glass and anneals the
glass to reduce internal stresses that might otherwise be
present to weaken the spliced region.

The present invention has been tested and produces
splices that are of optical quality equal to that of existing
techniques, but are of superior strength. Other features
and advantages of the invention will be apparent from
the following more detailed description of the preferred
embodiments, taken in conjunction with the accompa-
nying drawings, which illustrate, by way of example,
the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic plan view of the apparatus of
the invention during the initial alignment of the optical
fiber segments;

FIG. 2 1s a schematic plan view of the apparatus of
F1G. 1 during alignment of the optical system of the
apparatus;

F1G. 3 1s a schematic plan view of the apparatus of
F1G. 1 during operation; and

F1G. 4 1s a schematic plan view of a detail of the
apparatus of FIG. 2, illustrating the mechanism of longi-
tudinal positioning of the focal region of the converging
light beam.

- DETAILED DESCRIPTION OF THE
INVENTION

In accordance with a preferred embodiment of the
invention, apparatus for splicing the ends of two optical
fiber segments together comprises at least one adjust-
able optical fiber holder that adjustably holds one of the
optical fiber segments adjacent its end and in a splicing
position with the axes of the two segments coincident; a
pair of scanning mirrors whose axes of rotation are
perpendicular to each other, one of the mirrors having
Its axis intersecting but perpendicular to the axis of the
optical fiber segments, each of the scanning mirrors
having a drive motor that causes the scanning mirror to
rotate about its axis; a scanning generator that causes a
first one of the scanning mirrors to rotate about its axis
in a periodic fashion and a second one of the scanning
mirrors to rotate about its axis in a periodic fashion but
out of phase with the first scanning mirror, the ampli-
tude of the rotation being selectively controllable to
form a diverging conical light beam from a collimated
beam; a parabolic mirror coaxial with the axis of the
aligned optical fiber segments, the parabolic mirror
receiving the diverging conical beam and reflecting it
inwardly to form a converging conical beam; and a laser
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disposed relative to the pair of scanning mirrors such
that its laser beam is deflected to form the diverging
conical light beam when the scanning generator drives
the pair of scanning mirrors.

An apparatus 18 for splicing optical fiber segments is
tllustrated in FIGS. 1-4. As depicted in FIG. 1, two
optical fiber segments 20 and 22 are supported in con-
ventional adjustable holders 24 and 25, respectively, in
an end-to-end, abutting relationship. When the optical
fiber segments 20 and 22 are aligned in such a fashion,
they define an axis 26. The holder 24 is adjustable in
three directions, to permit the optical fiber segments 20
and 22 to be moved perpendicular to the axis 26 to
achieve alignment, and also parallel to the axis 26 to
bring the abutting ends of the segments 20 and 22 to-
gether in a fusion zone 28. A satisfactory optical fiber
holder 24 1s commercially available as the Klinger MC4
Series Motor Controller and the MD4 Motor driver for
the computer controlled portion of holder 24, together
with a compact manual mini three-axis translator Model
466 from Newport Research, Inc. Prior to fusion, the
buffer layer of the optical fiber segments 20 and 22
adjacent the ends of the segments is removed and the
ends are cleaved, by conventional techniques, to define
a smooth surface for splicing.

The axial alignment of the optical fiber segments 20
and 22 i1s achieved by conventional techniques. In the
preferred approach, a light source 30 introduces light
into one of the optical fiber segments 20, and a light
intensity monitor 32 detects the intensity of the received
light that is transmitted through the segment 20, the (as
yet unfused) fusion zone 28 where misalignment may
initially be present, and the segment 22. The fiber seg-
ments 20 and 22 are moved relative to each other by
manipulating the holders 24 until the intensity received
by the monitor 32 is a maximum, indicating the best
degree of axial alignment. Satisfactory alignment de-
vices utilizing this principle are available commercially
as the FX-1000 Automated Fiber Alignment Controller.

After the optical fiber segments 20 and 22 are aligned
as shown 1n FIG. 1, the optical system of the apparatus
18 1s aligned as shown in FIG. 2. (In FIGS. 2-4, the
holders and optical fiber segment alignment structure,
described in relation to FIG. 1, are not shown for the
sake of clarity.) A slotted parabolic mirror 34 is adjust-
ably supported on a sliding support block 36. During
alignment of the optical fiber segments 20 and 22, the
shding support block is moved out of the way, as shown
in FIG. 1. For optical system alignment and operation
of the apparatus 18, the sliding support block 36 is
moved into position so that the axis of the parabola of
the mirror 34 is coincident with the axis 26 of the
aligned optical fiber segments 20 and 22. The mirror 34
is adjustably mounted to the sliding support block 36 by
micrometer adjustments 38, permitting the mirror 34 to
be precisely and reproducibly adjusted to achieve opti-
cal system alignment.

The energy to fuse together the ends of the optical
fiber segments 20 and 22 is supplied by a converging
conical beam of light. The creation and control of that
converging conical beam of light may be understood by
reference to FIGS. 2-4. A diverging conical beam of
light 40 whose conical axis 42 is coincident with the
aligned optical fiber axis 26 is directed toward the para-
bolic mirror 34. The production of such a beam of light
will be discussed subsequently. By a “conical beam of
ight” is meant a beam of light whose primary energy
density falls on the surface of a cone. Some of the en-
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ergy may fall inside the conical surface and some out-

side. but most is close to the surface of the cone. The

energy density is equally distributed around the circum-
ference of the surface of the cone, on a time averaged
basis, although at any moment the energy density need
not. and generally is not, the same around the circum-
ference of the surface of the cone. A “diverging” coni-
cal beam of light has the light energy directed away
from the apex of the cone, and a “converging” conical
beam of light has the light energy directed toward the
apex of the cone.

The diverging conical beam of light 40 is reflected by
the parabolic mirror 34 as a converging conical beam of
light 44, toward a focal region 46, see FI1G. 4. The
longitudinal position of the focal region 46 along the
length of the optical fiber segments 20, 22 1s determined
by the included apex angle of the conical diverging
beam. Thus, for example, in FIG. 4 the focal region 46
at about the location where the splice is to occur 1s
achieved with an included angle OA1. The focal region,
indicated as 46', may be moved closer to the source of
the diverging conical beam 40 by increasing the n-
cluded angle to OA2. The focal region, indicated as 46",
may be moved farther from the source of the diverging
conical beam 40 by decreasing the imncluded angle to
OAZ3. In each case, the light is focused over a range of
locations in space rather than a precise focal spot, due to
the spatial distribution of the energy in the diverging
beam 40. The controllable longitudinal movement of
the focal region 46 is important to fusing the ends of the
optical fiber segments 20 and 22, and also in subsequent
fire polishing and annealing of the spliced optical fiber.

Referring to FIG. 2, the diverging conical beam of
light 40 is produced in the following manner. Two
planar galvanometer mirrors 48 and S0 are mounted on
rotatable axes, with the axes being rotationally driven
by motors 52 and 54, respectively. In the preferred
embodiment, the motors 52 and 54 are General Scan-
ning Model G112 motors. The second mirror S0 1s dis-
posed with its axis of rotation perpendicular to but
intersecting the axis 42 of the diverging conical beam
40. (In the view of FIG. 2, the axis of rotation of the
second mirror 50 is perpendicular to the plane of the
page.) The first mirror 48 is disposed with its axis of
rotation 56 perpendicular to but not intersecting the axis
of rotation of the second mirror 50. (In the view of FIG.
2, the axis of rotation of the first mirror 48 lies in the
plane of the page but does not intersect the axis of rota-
tion of the second mirror 50.) The mirrors 48 and 50 are
disposed so that, with the mirrors in a centered neutral
point, a collimated beam of light 58 parallel to but not
collinear with the axis 42 is reflected from the first
mirror 48 to the second mirror 50 and thence coliinear
with the axis of the diverging conical beam 42.

The motors 52 and 54 are driven in a preselected
rotational pattern by a scan generator 60. The prese-
lected pattern is preferably a sine wave, so that each
motor periodically angularly oscillates in one direction
from the neutral position, back to the neutral position, in
the other direction from the neutral position, and back
to the neutral position. The two motors 52 and 54 are
driven with the same pattern, but 90 degrees out of
phase with each other. The resulting locus followed by
the reflection of the collimated beam 58 is complex, but
is principally on the surface of a cone, thereby forming
the diverging conical beam of light 40. In a preferred
operating mode, the driving signal is a sine wave with a
wave frequency of about 1000 Hz, although lower fre-
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quencies such as on the order of 300 Hz have also been
found operable. The device of lower frequency is easier
to construct mechanically with readily available equip-
ment, and is also more reliable because less force 1s
placed onto system components.

The apex angle DA of the diverging conical beam of
light 40 is determined by the amplitude of the periodic
signal produced by the scan generator 60 and supplied
to the motors 52 and 54. The greater the amplitude, the
greater is the apex angle DA, and the closer 1s the focal
region 46 to the mirror 50. By controlling manually or
under software contro! the amplitude of the periodic
signal, the focal region 46 is moved longitudinally along
the optical fiber segments 20 and 22.

As discussed previously, the greatest energy density
is angularly distributed to be on the conical surface. -
Because of the oscillatory manner in which the beam 1s
generated, the energy intensity is not the same at all
points around the circumference of the conical. How-
ever, on a time averaged basis the energy distribution
around the circumference of the diverging cone is uni-
form. Consequently, the energy distribution around the
circumference of the converging conical beam 44 1s
uniform, and the heating of the optical fiber segments 20
and 22 in the focal region 46 is circumferentially uni-
form, in a time-averaged sense. The uniform heating of
the optical fiber segments 20 and 22 contributed to the
formation of a strong, low-stress splice.

To attain precise control over the location of the
focal region 46 and to achieve uniform circumierential
heating of the optical fiber segments 20 and 22, the
apparatus 18 must be accurately aligned. FIG. 2 shows
the optical alignment configuration. Alignment 1s facili-
tated by supplying the collimated beam 58 using a low-
power helium-neon laser 62. An output beam 64 of the
low power laser 62 is reflected from a removable planar
mirror 66 to be collinear and coincident with, and to
form the collimated beam 58. With this beam 58 operat-
ing, the apparatus 58 can be safely aligned, while other-
wise in operation with the mirrors 48 and 50 forming
the diverging conical beam 42, by manipulating the
various adjustments to the optical system discussed
previously.

Once alignment is achieved, the mirror 66 1s re-
moved, and the collimated beam 58 is produced by a
high-power CO; laser 68, as illustrated in FIG. 3. The
laser 68 is used during both fusion of the optical fiber
segments 20 and 22, and subsequent fire polishing and
annealing of the spliced optical fiber.

Glass does not melt at a fixed temperature, but instead
softens and flows over a range of temperatures. The
term “fusion” as used herein means to heat the ends and
adjacent portions of the optical fiber segments 20 and 22
to a sufficiently high temperature that, under a small
amount of longitudinal compressive force introduced
by relative inward movement of the holders 24 and 25,
the two optical fiber segments 20 and 22 soften and flow
together to form a single spliced optical fiber with a
spliced region 70 (FIG. 4) therebetween. A relatively
high power level of the laser 68 is required to achieve
fusion. In a working model of the apparatus 18, the
CO» laser 68 was a readily available unit with a 5.5 watt
output power. However, this power level was found to
vaporize the glass in the concentrated focal region 46.
The power density of the beam reaching the focal re-
gion 46 was therefore reduced by inserting a power
diffuser 72 into the conical beam just after the beam was
reflected from the mirror 50. Two different types of
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power diffusers 72 were tried and found operable. One
type of power diffuser 72 was a germanium defocusing
lens that broadened the focal region 46 and resulted in
fiber fusion in about } second. The other type of power
diffuser 72 was a 33% transmission germanium/silicon
neutral density filter that reduced the intensity of the
laser beam and also resulted in fiber fusion in about 2
second. The power diffuser 72 would not be required if
a smaller laser 68 were used.

After the fusion of the optical fiber segments 20 and
22 has occurred, there may be defects in the spliced
optical fiber that can reduce its strength significantly.
Glass is a brittle material whose breaking strength is
strongly influenced by the presence of even small im-
perfections. Slight surface irregularities or even residual
stress concentrations produced as the optical fiber cools
can drastically reduce its strength in the spliced region.
‘The use of laser heating removes one source of imper-
fections found in optical fibers spliced by plasma arc
techniques, minute amounts of ejected electrode mate-
rial that become embedded in the surface of the optical
fiber and serve as failure sites. The apparatus 18 is oper-
ated 1n a clean environment/gas envelope provided by
a Matheson Gas Filter Model 205 which removes all
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particulate material from an in-house supply line of 25

argon gas that was used to provide a controlled atmo-
sphere in the region of the splice. Alternatively, filtered
oxygen and nitrogen have been used to provide the gas
envelope.

There are, however, other imperfections that result
from the act of heating and fusing, and cannot be
avolded entirely. Residual stresses are one such imper-
fection. Another is minute particles of glass that are
ejected from the surface of the optical fiber as it fuses
and which can redeposit on the surface of the optical
fiber as “silica blooms™. These and other fusion-related
imperfections can cause a significant reduction in opti-
cal fiber strength.

According to the present invention, the optical fiber
1s fire polished and annealed in, and longitudinally adja-
cent to, the splice 70. The fire polishing is conducted in
a progressive manner by moving the annealing heat
source along the length of the optical fiber in a sweep-
iIng movement that tends to remove the imperfections
from the neighborhood of the splice 70. The fire polish-
ing is accomplished by reducing the power level of the
converging beam of light 44, preferably either by reduc-
ing the power density of the laser beam in the focal
region 46 by one of the techniques previously discussed.
The diverging angle is then adjusted by varying the
amplitude of the mirror driving signal so that the focal
region 46 is on the optical fiber but spaced apart from
the splice 70 in one direction or the other. The ampli-
tude of the mirror driving signal is then changed to
sweep the focal region 46 toward the splice 70, through
the region of the splice 70, and well past the splice 70.
This sweeping action may be repeated several times,
preferably in the same direction each time. This pro-
gressive sweeping tends to move silicon bloom and
other physical imperfections well away from the splice
70. It has been found that redeposition of such removed
material too near the splice 70 can lead to a reduction in
strength of the splice 70. It is preferred to scan the focal
region 46 from at least about 1-4 millimeters from one
side of the splice 70, through the splice 70, and to about
1-4 millimeters on the other side of the splice 70.

A preferred splicing apparatus 18 as described herein
was constructed and used to splice a number of optical
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fibers. Post-splicing strengths of 4-1 and 5-1 pounds
were achieved, after careful system alignment but with
manual control of fire polishing. Even better results are
expected after fully automated fire polishing is intro-
duced. Commercial splicing apparatus that uses electri-
cal plasma heating typically reaches splice strengths of
only 1-2 pounds. |
Although particular embodiments of the invention
have been described in detail for purposes of illustra-
tion, various modifications may be made without de-
parting from the spirit and scope of the invention. Ac-
cordingly, the invention is not to be limited except as by
the appended claims.
What 1s claimed is:
1. Apparatus for splicing together the ends of two
optical fiber segments, comprising:
means for contacting together the ends of two optical
fiber segments in an end-to-end fashion and align-
ing the optical fiber segments along a common axis;

means for fusing the optical fiber segments from an
external source at their end-to-end contact to form
a fused optical fiber, with substantially the same
intensity of heating at all locations around the cir-
cumfernce of the optical fiber segments; and

means for progressively fire polishing the optical
fiber longitudinally along the optical fiber after
fusing of the ends is complete, thereby moving
defects on the surface of the optical fiber away
from the fused ends.

2. The apparatus of claim 1, wherein the means for
fusing includes

a parabolic mirror whose axis is coincident with that

of the aligned optical fiber segments.

3. The apparatus of claim 2, wherein the means for
fusing includes

means for directing a diverging conical light beam

toward the parabolic mirror.

4. The apparatus of claim 3, wherein the means for
fire polishing includes means for controllably selecting
the maximum apex angle of the diverging cone.

5. The apparatus of claim 3, wherein the means for
directing includes

a pair of scanning mirrors whose axes of rotation are

perpendicular to each other, one of the mirrors
having its axis intersecting but perpendicular to the
axis of the optical fiber segments, each of the scan-
ning mirrors having a drive motor that causes the
scanning mirror to rotate about its axis, and

a scanning generator that causes a first one of the

scanning mirrors to rotate about its axis in a peri-
odic fashion and a second one of the scanning mir-
rors to rotate about its axis in a periodic fashion but
out of phase with the first scanning mirror, the
amplitude of the rotation being selectively control-
lable to form a diverging conical light beam.

6. The apparatus of claim 1, wherein the means for
fusing includes a laser.

1. The apparatus of claim 1, wherein the means for
contacting includes

at least one optical fiber holder that adjustably holds

one of the optical fiber segments so that it may be
aligned with the other optical fiber segment in an
end-to-end manner.

8. Apparatus for splicing the ends of two optical fiber
segments together, comprising:

at least one adjustable optical fiber holder that adjust-

ably holds one of the optical fiber segments adja-
cent its end:
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means for forming a converging conical light beam
from a collimated light beam, the converging coni-
cal light beam being directed inwardly toward an
apex focal region at the ends of the optical fiber
segments where the segments are to be spliced
together and being further directed so as to sub-
stantially uniformly heat all locations around the
circumference of the optical fiber segments;

means for progressively moving the focal region
longitudinally along the length of the optical fiber
segments; and

a light source that provides the collimated beam of

light.

9. The apparatus of claim 8, wherein the means for
forming includes

a pair of scanning mirrors whose axes of rotation are

perpendicular to each other, one of the mirrors
having its axis intersecting but perpendicular to the
axis of the optical fiber segments, each of the scan-
ning mirrors having a drive motor that causes the
scanning mirror to rotate about its axis, and

a scanning generator that causes a first one of the

scanning mirrors to rotate about its axis in a peri-
odic fashion and a second one of the scanning mir-
rors to rotate about its axis in a periodic fashion but
out of phase with the first scanning mirror.

10. The apparatus of claim 9, wherein the means for
progressively moving includes means for varying the
amplhitude of the rotation of the scanning mirrors to
form a diverging conical light beam.

11. The apparatus of claim 8, wherein the light source
Is a laser.

12. The apparatus of claim 8, further including

means for optically aligning the optical fiber seg-

ments and the means for forming.

13. The apparatus of claim 12, wherein the means for
optically aligning includes

a light source that directs a beam of light into one of

the optical fiber segments at a location remote from
the location where 1t is to be spliced, and

a hght detector that receives a beam of light from the
other of the optical fiber segments at a location
remote from the location where it is to be spliced.

14. Apparatus for splicing the ends of two optical

fiber segments together, comprising:

at least one adjustable optical fiber holder that adjust-
ably holds one of the optical fiber segments adja-
cent 1ts end and in a splicing position with the axes
of the two segments coincident;

a pair of scanning mirrors whose axes of rotation are
perpendicular to each other, one of the mirrors
having its axis intersecting but perpendicular to the
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axis of the optical fiber segments. each of the scan-
ning mirrors having a drive motor that causes the
scanning mirror to rotate about its axis;

a scanning generator that causes a first one of the
scanning mirrors to rotate about its axis in a peri-
odic fashion and a second one of the scanning mir-
rors to rotate about 1ts axis in a pertodic fashion but
out of phase with the first scanning mirror, the
amplitude of the rotation being selectively control-
lable to form a diverging conical light beam from a
collimated beam:;

a parabolic mirror coaxial with the axis of the aligned
optical fiber segments, the parabolic mirror receiv-
Ing the diverging conical beam and reflecting it
inwardly to form a converging conical beam; and

a laser disposed relative to the pair of scanning mir-
rors such that its laser beam 1s deflected to form the
diverging conical light beam when the scanning
generator drives the pair of scanning mirrors.

15. The apparatus of claim 14, further including

a light source that directs a beam of light into one of
the optical fiber segments at a location remote from
the location where it is to be spliced, and

a light detector that receives a beam of light from the
other of the optical fiber segments at a location
remote from the location where it is to be spliced.

16. The apparatus of claim 14, further including

a beam intensity diffuser in the path of the laser beam,
the intensity diffuser reducing intensity of the con-
verging conical beam.

17. A process for joining the ends of two optical fiber

segments, comprising the steps of:

aligning two optical fiber segments in an end-to-end
manner with the optical fiber segments lying along
an axis;

forming a converging conical light beam whose coni-
cal axis coincides with the axis of the aligned opti-
cal fiber segments and whose focal region lies on
the axis of the aligned optical fiber segments; and

providing a sufficient power level to the light beam to
fuse and splice the aligned ends of the optical fiber
segments.

18. The process of claim 17, further including the

additional steps, after the step of providing, of
reducing the power density of the converging conical
light beam 1n its focal region; and

fire polishing the surface of the fused optical fiber by
progressively moving the focal region of the con-
verging conical light beam longitudinally along the
optical fiber from one side of the splice, through

the splice, and toward the other side of the splice.
* ¥ %k Xk »
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